1.. Introduction {#S1}
================

Prostate cancer (PCa) is the most common malignant carcinoma and the second leading cause of cancer-related deaths among males in the USA \[[@ref001]\]; also its rate in developing countries, including China, is continually rising \[[@ref002]\]. Although localized PCa can be regulated by the androgen deprivation therapy, a majority of the patients eventually relapse and become castration-resistant \[[@ref003]\]. Thus, it would be significant to clarify the molecular mechanism underlying PCa progression and identify new therapeutic targets.

Krüppel-like factor 13 (KLF13), also known as RFLAT-1, BTEB3, and FKLF-2, is a critical member of the KLF family with essential functions in cell proliferation, migration, and differentiation \[[@ref004], [@ref005]\]. The KLF family has 17 members and can be divided into three distinct groups based on their biological functions and characteristics. KLF13, along with KLF9, 10, 11, 14, and 16, belongs to subgroup 3, whose members putatively exhibit a repressive function by interaction with Sin3A, a common transcriptional co-repressor \[[@ref006]\]. Reportedly, KLF13 also regulates the life cycle of human papillomavirus in cervical keratinocytes \[[@ref007]\] and controls the differentiation of adipocyte through PPAR $\gamma$ activation \[[@ref008]\]. In addition, KLF13 significantly suppresses cell proliferation, induces apoptosis in pancreatic cancer cells \[[@ref009]\], and negatively regulates the expression of MYB and BCL2 in acute lymphoblastic leukemia \[[@ref010]\]. Previous studies showed that several KLFs are involved in regulating the development of PCa \[[@ref011], [@ref012], [@ref013], [@ref014], [@ref015]\]. For example, the presence of KLF6 mutations suggested that KLF6 might act as a tumor suppressor \[[@ref016], [@ref017], [@ref018]\]; however, the fundamental biological and clinical roles of KLF13 in PCa have never been investigated.

In the present study, we found that KLF13 expression is downregulated in PCa tissues, and the overexpression markedly inhibited the phosphorylation of AKT and induced apoptosis. Strikingly, the restoration of KLF13 caused a significant regression of established tumors *in vivo*. Therefore, this study aimed to deduce a novel mechanism underlying the role of KLF13 in PCa, and the upregulation of KLF13 might serve as a novel therapeutic strategy for specific cancer.

2.. Materials and methods {#S2}
=========================

2.1. Prostate cancer cell lines and tissue specimens {#S2.SS1}
----------------------------------------------------

Human prostate tissue microarray (HProA180PG03) used in this study was purchased from Shanghai Outdo Biotech (Shanghai, China). It contains 90 cases of normal prostate tissues, 73 cases of primary PCa tissues and 17 cases of metastatic prostate cancer tissues. Detailed information of this tissue microarray is available at <http://www.superchip.com.cn/product/detail_340.aspx>.

Human prostate cancer cell lines, DU145 and PC3, were obtained from Renji Hospital Clinical Stem Cell Research Center (Shanghai, China). Cell lines were maintained in DMEM medium (HyClone, Logan, UT) supplemented with 10% fetal bovine serum (FBS, HyClone, Logan, UT), penicillin (100 U/ml) and streptomycin (100 mg/ml) at 37$^{\circ}$C with 5% CO$_{2}$.

2.2. Real-time PCR analysis {#S2.SS2}
---------------------------

RNAs from cultured cells were isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions, followed by reverse transcription into cDNA using PrimeScript RT Master Kit (TaKaRa, Dalian, China). The qRT-PCR was performed using the SYBR Green PCR Master Mix (TaKaRa) on the ABI7300 System (Applied Biosystems, Foster City, CA, USA). The relative expression levels of the gene were calculated using the 2$^{- {\Delta\Delta\text{Ct}}}$ method. The primers of KLF13 gene were as follows: forward, 5'-GTTTACGGGAAATCTTCGCA-3'; reverse, 5'-GCGAACTTCTTGTTGCAGTC-3'. The primers of GAPDH gene were as follows: forward, 5'-GAAGGTGAAGGTCGGAGTC-3'; reverse, 5'-GAAGATGGTGATGGGATTTC-3'.

2.3. Western blotting {#S2.SS3}
---------------------

Cells were washed two times with pre-chilled phosphate-buffered saline (PBS) and collected with lysis buffer. The protein concentrations of the lysates were detected using the BCA assay. An equivalent of 50 $\mu$g was separated by 12% or 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to nitrocellulose membranes. Subsequently, the membranes were blocked with 5% BSA in TBST, followed by incubation with primary antibodies against KLF13 (LifeSpan Biosciences, Seattle, WA), Phospho-Akt-Ser473 (Cell Signaling Technology, Danvers, MA), Akt (Cell Signaling Technology, Danvers, MA), Phospho-S6 Ribosomal Protein (235/236) (Cell Signaling Technology, Danvers, MA), S6 Ribosomal Protein (Cell Signaling Technology, Danvers, MA), PARP1 (Proteintech, Wuhan, China), BAX (Proteintech, Wuhan, China), GAPDH (Santa Cruz Biotechnology, Shanghai, China) at 4$^{\circ}$C overnight. Then, the membranes were hybridized with the IRDye secondary antibodies at room temperature for 1.5 h. The immunoreactive bands were visualized using Odyssey Infrared Imaging System (Lincoln, NE, USA).

2.4. Immunohistochemistry {#S2.SS4}
-------------------------

The tumor tissue biochip was deparaffinized with xylene and rehydrated with alcohol gradient. Then, it was retrieved in 1 mM EDTA buffer at pH 8.0 for 30 min, followed by blocking endogenous peroxidases. Subsequently, the tissue biochip was probed with anti-KLF13 antibody (1:200, LifeSpan) at 4$^{\circ}$C overnight and incubated with HRP-conjugated secondary antibody for 60 min at room temperature. The sections were stained with diaminobenzidine substrate and counterstained with hematoxylin for 3 min, mounted in neutral balsam, and examined under a microscope. The tumor cell percentages were graded as follows: 0 (no cells stained), 1 (1--25% of cells stained), 2 (26--50% of cells stained), 3 (51--75% of cells stained), and 4 ($>$ 75% of cells stained). The staining intensity scores were graded according to the following criteria: 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). The total immunohistochemical (IHC) scores were calculated: multiplying the percentage score with the intensity score.

2.5. Cell viability assay {#S2.SS5}
-------------------------

Cell growth was assessed using Cell Counting Kit-8 (CCK8, Dojindo, Shanghai, China). A total of 1500 cells/well were seeded in 96-well plates and medium containing doxycycline (Sigma-Aldrich, 0.25 mg/mL) was added after 24 h. 10 $\mu$L CCK8 reagent was added to 100 $\mu$L DMEM medium with 10% FBS to each well at 37$^{\circ}$C and incubated for an additional 2 h, followed by detection of absorbance at 450 nm by TECAN (Mechelen, Belgium).

2.6. Colony formation assay {#S2.SS6}
---------------------------

Cells were cultured in 6-well plates (1000/well) for 24 h, and inducers (doxycycline, 0.25 mg/mL) were added at 37$^{\circ}$C. Doxycycline-containing medium was replaced every three days. Then, the cells were fixed with methanol and stained using 0.1% crystal violet. The colonies were acquired using a scanner and counted.

2.7. Flow cytometric assay {#S2.SS7}
--------------------------

The cells were collected, washed two times with PBS, re-suspended in binding buffer, and stained with Annexin V and 7-AAD (1 $\mu$L/mL) at room temperature for 15 min. Apoptosis rates of cells were analyzed by flow cytometry.

2.8. Lentivirus infection {#S2.SS8}
-------------------------

Cell transfections were performed using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, USA) and HEK293T cells according to the manufacturer's instructions. PC3 and DU145 cells were transduced with pTRIPZ-lenti-KLF13 or pTRIPZ-lenti-Vector (Open Biosystems, Huntsville, AL, USA); the stable transformants were isolated using puromycin (3 $\mu$g/mL) for 7 days.

2.9. Tumor xenograft model {#S2.SS9}
--------------------------

Male BALB/c nude mice, 5-6-week-old (SLAC Laboratory, Shanghai) were injected subcutaneously with PC3/KLF13 and PC3/CON cells (5.0 $\times$ 10$^{6}$) in the single lower flanks. Then, the two groups were fed water that contained doxycycline (2 mg/mL) on the post-implantation day. The tumor volumes, as well as the onset time of tumor, were recorded every week. Tumor volumes were calculated using the following formula: V $=$ length $\times$ (width)$^{2}$/2. The tumor-free survival of the tumor-bearing mice was analyzed by Kaplan-Meier analysis. After inoculation of 8 weeks, the animals were euthanized and sections of tumor xenografts subjected to hematoxylin and eosin (HE) and IHC staining after imaging. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Shanghai Jiao Tong University.

2.10. Statistical methods {#S2.SS10}
-------------------------

Statistical analyses were performed using the GraphPad Prism v7.0 software (GraphPad Software Inc., La Jolla, CA, USA). Student's t-test was used to compare the two groups, and unpaired two-sided Student's t-test was used for other comparisons. Kaplan-Meier survival analysis analyzed the tumor-free survival. Data are presented as the mean $\pm$ SD of three independent experiments.

Figure 1.KLF13 is downregulated in PCa tissues. (A) KLF13 expression in PCa tissues from TCGA prostate adenocarcinoma dataset (Normal, $n =$ 52; Tumor, $n =$ 497). (B) KLF13 expression in GEO dataset (Normal, $n =$ 160; Tumor, $n =$ 160). (C) Representative IHC staining of KLF13 in prostate adenocarcinoma and their adjacent non-tumor tissues (Normal, $n =$ 90; Tumor, $n =$ 90), original magnification 200 $\times$ and 400 $\times$. (D) Percentage of KLF13 high-, medium-, and low-staining in normal and carcinoma samples. (E) KLF13 expression levels in primary and metastatic PCa tissues. (F) KLF13 expression levels in PCa tissues in three groups (Gleason score sum 5--6, 7, 8--10).

Figure 2.Overexpression of KLF13 inhibits cell proliferation *in vitro*. (A and B) PC3 and DU145 cells transfected with pTRIPZ-KLF13 or pTRIPZ-vector were cultured with (Tet+) or without (Tet-) doxycycline (0.25 mg/mL) for 48 h. KLF13 expression was verified by Western blot. The viability of cells was assessed by CCK8 assay (OD value 450 nm) at the indicated time. (C and D) Colony formation rates of PC3 and DU145 cells treated with or without doxycycline for 10 days. Each value represents the mean $\pm$ SD of three independent experiments. $$ 0.001.

Figure 3.KLF13 induces apoptosis and inhibits AKT activation. (A and B) Cells were cultured with or without doxycycline (0.25 mg/mL) and stained with AnnexinV/7-AAD. Apoptosis rates are shown on the left at 72 h. Statistical graphs for different groups at indicated time points are on the right. (C and D) The protein levels of PARP, BAX, P-AKT, AKT, P-S6, S6, and KLF13 were determined by Western blot after doxycycline treatment. $$ 0.05, $$ 0.01.

Figure 4.KLF13 inhibits tumor growth of PCa *in vivo*. (A) The images of tumors in nude mice. (B) Tumor volume of PC3/KLF13 and PC3/CON cells. (C) Kaplan-Meier analysis of tumor onset. (D) IHC staining of KLF13 and Ki67 in tumor xenografts; original magnification 400 $\times$. (E) TUNEL assay of apoptosis in tumor xenografts (Tunel-positive cells are marked with red arrow): original magnification 200 $\times$. $$ 0.01, $$ 0.001.

3.. Results {#S3}
===========

3.1. KLF13 is markedly downregulated in PCa tissues {#S3.SS1}
---------------------------------------------------

Recent reports exhibited that KLF13 regulated the development of several human cancers; however, the biological functions in the development of prostate carcinoma are still unknown. To determine the expression levels of KLF13 in PCa and normal tissues, we firstly investigated its expression in two databases (GSE62827 and TCGA). As shown in Fig. [1](#cbm-22-cbm181196-g001){ref-type="fig"}A, the mRNA levels of *KLF13* were markedly downregulated in PCa tissues as compared to adjacent non-tumor tissues. Notably, the analysis of 160 PCa cases and their paired adjacent non-tumor tissues in the Gene Expression Omnibus (GEO) dataset (GSE62827) revealed a consistent downregulation of KLF13 (Fig. [1](#cbm-22-cbm181196-g001){ref-type="fig"}B). To further validate these results, we performed IHC staining of KLF13 in 90 pairs of human prostate tissues. IHC analysis further revealed a decreased expression of KLF13 in PCa tissues (Fig. [1](#cbm-22-cbm181196-g001){ref-type="fig"}C and D) and we use tumor xenografts from PC3/CON and PC3/KLF13 cells as our negative and positive control of IHC staining. And the levels of KLF13 staining were significantly decreased in patients with metastatic PCa or high Gleason score (Fig. [1](#cbm-22-cbm181196-g001){ref-type="fig"}E and F). Collectively, these results indicated that *KLF13* might be a tumor suppressor gene in PCa.

3.2. Overexpression of KLF13 inhibits cell proliferation *in vitro* {#S3.SS2}
-------------------------------------------------------------------

The downregulation of *KLF13* in PCa tissues suggested a suppression function in PCa progression. Therefore, we explored the effects of ectopic expression of KLF13 using CCK8 and colony formation assays. The expression of the KLF13 protein was effectively induced in the presence of doxycycline (Tet-on) (Fig. [2](#cbm-22-cbm181196-g002){ref-type="fig"}A and B). Strikingly, the CCK8 assay showed that the proliferation was much slower in KLF13-expressing (Tet+) cells as compared to control groups (Tet-) on day 7 (Fig. [2](#cbm-22-cbm181196-g002){ref-type="fig"}A and B). Subsequently, the colony formation assay showed that KLF13 significantly decreased the cell clone formation ability as compared to the control groups (Fig. [2](#cbm-22-cbm181196-g002){ref-type="fig"}C and D). These results indicated that the upregulation of KLF13 in PCa cells inhibits the cell proliferation ability.

3.3. KLF13 induces apoptosis and inhibits AKT activation in PCa cells {#S3.SS3}
---------------------------------------------------------------------

Next, we used flow cytometry to examine whether KLF13 could induce cell apoptosis, and found that the overexpression of KLF13 remarkably induced apoptosis in PC3 and DU145 cells (Fig. [3](#cbm-22-cbm181196-g003){ref-type="fig"}A and B). Consistent with the above results, the protein levels of the cleaved PARP and BAX were increased significantly (Fig. [3](#cbm-22-cbm181196-g003){ref-type="fig"}C). The AKT pathway was highly activated in prostate cancer, and it contributed to tumor development and progression \[[@ref019], [@ref020]\]. To further understand the function of KLF13 in cell proliferation and apoptosis, we assessed the expression of several proteins involved in the AKT pathway by Western blot and found that the phosphorylation of Ser473 on AKT was inhibited by KLF13 overexpression. Furthermore, the level of phosphorylated S6 protein, the direct target of active AKT, was also decreased. These findings suggested that the overexpression of KLF13 induces apoptosis and inhibits AKT activation in PCa cells.

3.4. KLF13 inhibits the growth of PC3 tumor xenografts {#S3.SS4}
------------------------------------------------------

Since the expression of KLF13 inhibits the proliferation of PCa cells, we next examined this effect using tumor xenograft models. As shown in Fig. [4](#cbm-22-cbm181196-g004){ref-type="fig"}A and B, the overexpression of KLF13 significantly reduced the tumor size and suppressed the tumor growth. Moreover, the overexpression of KLF13 also delayed the tumor onset and improved tumor-free survival rates of mice (Fig. [4](#cbm-22-cbm181196-g004){ref-type="fig"}C). Consistent with the above observations, IHC staining of Ki67 revealed that the overexpression of KLF13 suppressed cell proliferation *in vivo* (Fig. [4](#cbm-22-cbm181196-g004){ref-type="fig"}D) and TUNEL assay showed that overexpression of KLF13 also induced apopotosis *in vivo* (Fig. [4](#cbm-22-cbm181196-g004){ref-type="fig"}E). These findings indicated that KLF13 efficiently inhibits tumor growth and tumorigenicity *in vivo*.

4.. Discussion {#S4}
==============

The recent evidence stated that several KLFs function as tumor suppressor genes in PCa. For example, KLF4 is downregulated in PCa tissues, and the overexpression of KLF4 inhibits cell viability, clonogenicity, invasion, and migration in PC3 cells \[[@ref015]\]. In PTEN-deficient mouse prostate tumors, KLF5 deletion can enhance tumor angiogenesis by attenuating PI3K/AKT signaling \[[@ref011]\]. Moreover, KLF9 contributes to flutamide-induced apoptosis in LNcap cells \[[@ref014]\]. Emerging studies have revealed that KLF13 plays a major role in regulating tumor cell differentiation and survival \[[@ref007], [@ref009], [@ref010]\]. However, whether KLF13 acts as an oncogene or tumor suppressor is yet controversial. Reportedly, KLF13 acts as an oncogene in oral and cervical cancers \[[@ref007], [@ref021]\], whereas it inhibits cellular growth, suppresses transformation, and increases apoptosis in pancreatic cancer cells and mediates BCL2 repression in pediatric acute lymphoblastic leukemia \[[@ref009], [@ref010]\]. However, the physiological function and clinical significance of KLF13 in PCa have not yet been investigated. In this study, for the first time, we demonstrated that KLF13 is moderately downregulated in PCa tissues, and its expression was much lower in metastatic or high-grade PCa tissues. Intriguingly, the exogenous KLF13 expression suppressed the cell proliferation *in vivo* and *in vitro* and induced apoptosis in human PCa cells. These results strongly indicated that *KLF13* might act as a tumor suppressor gene in PCa.

The AKT pathway is a significant contributor towards the progression of PCa \[[@ref022]\] and is responsible for alterations in 42% of primary PCas and 100% of metastatic tumors \[[@ref023]\]. The phosphorylation of AKT at Ser473 is a useful biomarker and correlated with a high rate of disease recurrence \[[@ref024]\]. The activation of AKT in LNCaP diminishes the expression of p27 and accelerates the growth prostate tumor in LNcap xenografts \[[@ref025]\]. Moreover, KLF5 and KLF9 have been reported to suppress the proliferation of PCa by affecting the AKT signaling \[[@ref011], [@ref014]\]. CYP1A1 could upregulate the protein expression of AKT in breast cancer \[[@ref026]\] and KLF13 binds the CYP1A1 promoter and suppress the expression of CYP1A, so we guess that KLF13 may suppress the activation of AKT \[[@ref027]\]. In this study, we observed that the overexpression of KLF13 suppressed the AKT signaling pathway in PC3 and DU145 cells, while the decreased phosphorylation of AKT might contribute to cell apoptosis. However, the molecular mechanism underlying KLF13 in the progression of PCa necessitates further investigations.

In summary, the current study revealed that KLF13 is downregulated in PCa tissues, exerting a suppressive function on the development of PCa. Therefore, understanding the precise role of KLF13 in AKT signaling and the pathogenesis of PCa would provide useful therapeutic strategies against the progression of this disease.
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